1. A cat preparation was used to study the modulation of stretch reflexes during locomotion. The brain stem was transacted and locomotion was induced by electrical stimulation of the mesencephalic locomotor region below the level of transaction. Three legs walked normally on a treadmill, while the fourth leg, which was denervated except for the soleus muscle, was held fixed. Brief length perturbations were applied to the soleus muscle at various phases of the stepping cycle.
INTRODUCTION
The sequence of muscle activation to produce walking originates in a pattern generator in the spinal cord (Grillner, 1975; Wetzel & Stuart, 1976; Shik & Orlovskii, 1976) , as first proposed by Brown (1911 Brown ( , 1914 . Reflexes can also be modified by the central nervous system during a step to achieve more successful locomotion (Lundberg, K. AKAZA WA AND OTHERS 1969; Grillner, 1975 Grillner, , 1979 . In turn, reflexes may provide inputs to the motor programme, which are then used to modify a simple central pattern generator (Lundberg, 1969;  Andersson, Forssberg, Grillner & Wallen, 1981) .
Thus, reflexes probably have a role in adapting movement to changing environmental conditions (Grillner, 1979) . For example, increased load on extensor muscles has been shown to result in increased extensor force . Reflexes elicited by cutaneous stimulation can have an output which is modified depending on the phase of the step cycle Forssberg, Grillner & Rossignol, 1975 Duysens & Stein, 1978) . Shik and colleagues (Shik, Orlovskii & Severin, 1966) have shown that during walking induced by mid-brain stimulation, segmental reflex responses are changed to ensure optimal co-ordination with stepping; that is, extensors have reflex responses during extension movements.
Studies in humans have also shown that reflexes can be modified by movement. For example, myotatic responses are facilitated at movement onset and followed by a period of reflex suppression (Gottlieb & Agarwal, 1980) . During arm tracking movements, a randomly applied stretch produces reflex responses which are modulated as a function of the movement phase such that peak reflex responses have a phase lead with respect to voluntary responses (Dufresne, Soechting & Terzuolo, 1980; Mackay, Kwan, Murphy & Wong, 1980) . The utility of stretch reflexes for load compensation during locomotion has been questioned. Using careful measurements and simulations, Grillner (1972) showed that the intrinsic stiffness ofmuscle may provide an adequate force to compensate for loads encountered during movement. Because of the time lags associated with reflex corrections, intrinsic stiffness may be the only mechanism available during fast locomotion (Stuart, Withey, Wetzel & Goslow, 1973) . Reflex responses 'out-of-phase' could actually disturb locomotion.
If intrinsic muscle stiffness is providing load compensation, muscle stiffness in extensors should vary during the step cycle and be maximal early in the extensor phase of the step cycle (when these muscles must support the body weight of the animal and decelerate its downward movement). If reflexes are assisting in load compensation, they should vary in parallel with intrinsic muscle stiffness.
Alternatively it has been suggested that the stretch reflex may compensate for variations in intrinsic muscle properties so as to maintain a constant total stiffness (Houk, 1979; Houk & Rymer, 1981) . According to this hypothesis, the reflex contribution during locomotion should be small when intrinsic muscle stiffness is high, and large when intrinsic muscle stiffness is small, as occurs under static conditions (Hoffer & Andreassen, 1981) . To determine whether the stretch reflex varies in the same or opposite direction to the variation in muscle stiffness, we have studied the stretch reflex in soleus muscle at all phases of the step cycle. To determine what contribution the stretch reflex could make to the total motor output during locomotion, we have utilized a preparation in which force as well as e.m.g. could be accurately measured. An abstract of this work has been presented (Aldridge, Stein, Akazawa & Steeves, 1981) .
METHODS
Twenty-two high decerebrate (mesencephalic) cats were prepared for these experiments. When placed over a treadmill and stimulated in the mesencephalic locomotor region of the mid-brain, locomotion can be produced in this preparation, as originally described by Shik and co-workers (Shik et al. 1966) . Briefly, the procedure was as follows (refer to Fig. 1 was sutured to the surface of the soleus muscle. A thread was placed through a hole drilled in the calcaneous bone, which was then cut to provide an attachment to the muscle. After ligation of the carotid arteries and tracheotomy, the cat was decerebrated by removing the brain rostral to the superior colliculus. The animal was fixed by a head holder and hip bars over a treadmill and, after decerebration, gas anaesthesia was discontinued. An electrode was placed in the mid-brain by visual guidance to a point 3-4 mm lateral to the sagittal plane, 1-2 mm caudal to the posterior margin of the inferior colliculus and 4-7 mm below the surface. Using 50-250 1RA current pulses at 30-0 Hz (0-5 ms duration), the mid-brain was stimulated. Searching by trial and error within the above ranges, the best location and stimulus parameters to produce controlled walking were determined (Steeves, Jordan & Lake, 1975) . The left hind limb was fixed by a foot clamp and knee pins and the electrode leads were connected to the appropriate pre-amplifiers and stimulators. The soleus muscle was held isometrically by the thread in the calcaneous bone to a strain gauge in series with an Aeroflex torque motor. This was controlled by negative length feed-back to maintain a constant position (Hoffer & Andreassen, 1981 
RESULTS
Useful data on reflex variations were collected in eleven out of twenty-two cats. Some of the animals failed to produce cyclic locomotor activity in the denervated leg although the other legs walked normally. It was discovered that noxious stimuli from the hip bars could block locomotion completely and this necessitated a liberal application of procaine hydrochloride (Novocaine 2 %) in the hip region to ensure reliable walking. This phenomenon could be seen repeatedly by applying pressure on the hips with the fingers during a period of good walking. The pressure resulted in an immediate cessation of walking. Releasing the hip pressure allowed locomotion to resume promptly. Fig. 2 illustrates the e.m.g., force and length recordings of six steps from a period of walking induced by mid-brain stimulation. The recordings are from the soleus muscle in the left hind limb prepared as described in Methods. An examination of the force record revealed the cyclic changes due to locomotion with superimposed transient increases in force due to the applied stretches. These brief stretches were followed by slower reflex responses which were usually difficult to detect in these raw records (see below). These effects were more clearly illustrated by averaging. Fig. 3A (top trace, perturbed) shows an averaged step in which the stretch occurred near the mid-point of the extension (Fig. 3 C is the length change which serves as the stimulus indicator). The superimposed stretch produced a transient force change (brief upward deflexion in the top trace of Fig. 3A ). The information we wished to obtain was the contribution of the stretch reflex to total force output. This was accomplished by measuring the mean force response to all steps (see Fig. 3 A, middle trace, unperturbed) and subtracting this from the average step including the stimulus. The difference (Fig. STRETCH REFLEXES DURING WALKING 3 A, difference) represents the contribution of the stretch and reflex response to the total force output. The first deflexion is a direct mechanical effect of stretching the muscle, which is then followed by a slower reflex response. In this example, the peak force of the stretch reflex response reaches about 20 % of the peak force due to locomotion. Its magnitude is somewhat smaller than the transient force produced by the stretch itself acting on the intrinsic stiffness of the muscle, but the reflex is much longer lasting (see Fig. 3A , difference). Below it, the rectified and filtered e.m.g. (100 Hz Paynter filter) which was used for most of the analyses is illustrated. The bottom trace is the force record from the isometrically held muscle. The arrows indicate the time at which the stretch stimulus was applied. Note the force transient which is visible in most steps. In some steps a reflex e.m.g. response can also be seen.
Reflex contributions
The average e.m.g. record, including both stepping and reflex responses, is shown in Fig. 3 B (perturbed) . As with tension, the contribution of reflex to total e.m.g. (Fig.  3B , difference) was calculated by subtracting the mean e.m.g. record from all steps (Fig. 3B, unperturbed) . Note that the mean e.m.g. producing locomotion response (Fig. 3B, unperturbed) was much smoother as it includes many more samples (369 as opposed to sixteen). The peak reflex e.m.g. burst actually reached levels equal to the peak e.m.g. produced during a step. Of course, this reflex response was synchronized and of very brief duration compared to the e.m.g. producing the step.
Reflex variations
The above example illustrates the stretch reflex contribution of the soleus extensor muscle in only one phase of the step cycle (at the mid-point of extension when the muscle is active). As described in Methods, the reflex responses were determined for 557 558 K. AKAZA WA AND OTHERS all phases by dividing the step cycle into fourteen separate phases and calculating the reflex contributions in each of these separately. Fig. 4 illustrates the results of this determination from one period of locomotion (327 total steps). The mean e.m.g. and force responses due to stepping are superimposed vertically in Fig. 4C the base line level, due to the refractoriness of motoneurones which have just fired. The force levels may also go below the base line after the stretch-induced force. The very short latency suggests that this was due to breakage of bonds in the active muscle which can only slowly reform (Aldridge & Stein, 1981 ).
An index of reflex responsiveness, which is analogous to gain, was calculated by taking the force output (area under the peak of reflex force; see hatching in Fig. 4A ) divided by force input (area under the transient increase in force due to stretch). The minimum responsiveness was zero, as seen in trace 8, while a maximum of 6-5 was observed in trace 14. Values for maximum reflex responsiveness in other experiments ranged from 5-3 to 83-6 with a mean of 22-8 (n = 9). This is similar to results in a previous study of reflexes under static conditions (Aldridge & Stein, 1981) where a mean of 30-2 (range 3-7-157-2, n = 7) was found.
The variation in reflexes is summarized in Fig. 5 . In Fig. 5A the soleus e.m.g., averaged over a number of steps, is plotted as a function of time in the step cycle. The reflex e.m.g. in response to stretch was calculated by measuring the area under the reflex peak (dimensions of mV . ms, see hatched area on trace 14 of Fig. 4) values calculated at each phase of the step cycle have been superimposed in Fig. 5A for comparison with the mean e.m.g. amplitude measured during locomotion. The amplitude of both curves (reflex and step) has been normalized by expressing the results as percentages of the maximum response. Note that the reflex responses show a phase lead with respect to the e.m.g. of the step. In Fig. 5B , the reflex force contribution, also calculated as area (dimensions of N . ms) under the reflex peak, are superimposed on the force of the step. The reflex force showed a similar variation, although the phase lead was not so dramatic as for the e.m.g. The average neural and e.m.g. records are shown without rectification in A and B respectively. The time at which each pair of traces occurs can be found by moving horizontally across to intersect the step cycle records. Trace 1, for example, falls in the extension phase (ext.) . Note that the time scale is shorter for the neural signals. The electrical stimulus occurs at the arrow (S) and is followed quickly by a sensory volley (sensory) on the neural record. The reflex motoneurone response (motor) follows the afferent response with a brief delay. Note that the afferent volley remains constant in size, whereas the motor response varies in the same manner as the e.m.g. signal does throughout the step.
the soleus nerve and provided an accurate monitor of the input stimulus. Since there was little or no M wave in the e.m.g. recording which could result from direct stimulation of motoneurones, this neural recording represented the afferent signal alone. Fig. 6 illustrates the results of one experiment in the same format as Fig. 4 . The mean force and rectified soleus e.m.g. signal are superimposed vertically in Fig.  6C . The reflex contributions of e.m.g. for the fourteen phases of the step cycle are K. AKAZAWA AND OTHERS illustrated in Fig. 6B . In addition, the average soleus nerve signal for each of these phases is illustrated in Fig. 6A .
Because of the well synchronized response to the electrical stimulus, we were able to resolve the neural signal and e.m.g. response much more accurately (without rectifying and filtering) and at a much higher sampling rate than was possible using mechanical stretches. Both the sensory and motor volleys were visible on the neural recording (indicated by arrows). The sensory neural signal was constant in all phases, so the afferent signal was not modulated. However, it can again be seen that peak H reflex responses (of e.m.g.) occur in the phase in which the locomotion signal was high. The motor nerve response (in the neural record) was modulated in the same way as the e.m.g. signal (for example, compare the motor volley in trace 8 and trace 14).
These results are summarized in Fig. 7 , which shows the locomotion and reflex e.m.g. signals as a function of time in the step cycle. As with the stretch stimulus, the reflexes parallel the locomotion signals with a slight phase lead. Compare the reflex responses to the afferent signals which were relatively constant throughout the step cycle. In this example, the afferent signal was actually larger during the period of reduced e.m.g. Thus, the variation in reflex response cannot be attributed to a simple variation in afferent signals.
Reflexes in the absence of locomotion
The above results have shown that stretch reflexes are modulated during locomotion. Fig. 8 compares this modulation to that obtained during periods when no walking was taking place. In Fig. 8A , the top two traces show the maximum and minimum H reflex e.m.g. responses obtained during extension and flexion periods oflocomotion. The points in time when these responses occurred within the step cycle are indicated by the arrows on the mean step signal in the bottom trace. The third trace in Fig.   562 at BIUSJ (Paris 6) on April 2, 2008 jp.physoc.org Downloaded from STRETCH REFLEXES DURING WALKING 563 8A is an average H reflex response obtained in the period after walking had ceased and the background e.m.g. level had returned to relative silence. At this time, the reflex response was less than the maximum response seen during extension but greater than the total absence of reflex observed in flexion periods. Thus, during locomotion, reflexes were potentiated when the muscle was active and depressed when the muscle was silent. Step cycle e.m.g. The stimulus occurs at the beginning of the sweep. In the bottom record, the mean e.m.g. for a step is shown and the points in the steps at which the samples reflexes of traces 1 and 2 are taken are indicated by the arrows (1 and 2). Note the different time scale for these records. It can be seen that the reflex is largest during extension and is suppressed during flexion compared to the period when locomotion had ceased. B compares the reflex force measured at different levels of background force during walking (asterisks) and during a period oftonic activity in the absence ofwalking. Note that the relationship between reflex force and background force varies in opposite directions in walking and in tonic activity.
In four experiments, we had the opportunity to compare the force levels of reflex responses obtained during walking with those in the absence of locomotion. Periods of locomotion induced by mid-brain stimulation often ceased with a sudden increase in tonic activity, after which muscle force slowly decayed over a period of 10-30 s. During this time of falling background force, we continued to apply stimuli (open squares, Fig. 8B ). Compare these reflex responses to those at different force levels during walking (asterisks, Fig. 8B ). The reflex force observed during walking was positively related to background force; that is, with higher forces of contraction, reflexes were larger. The exact opposite was seen during the period when there was K. AKAZA WA AND OTHERS no walking; reflex force decreased at higher levels of background force. These results were found in three experiments, while in the fourth, reflex size was directly related to background even during periods of tonic activity. This suggests that the modulation of stretch reflexes is not simply a function of tonic activity in the soleus muscle. This process is repeated for stretches through the step cycle and the results are shown in the graph as a function of time in the step cycle. The force record is superimposed and a phase lead of stiffness can be seen.
Intrinsic stiffness
A careful examination in Fig. 4 of the transient force responses resulting from the stretch reveals that they are not the same in all phases of the step cycle. Since the torque motor system delivered a constant length stimulus, the changing force response indicates that the intrinisic stiffness of the muscle was changing throughout the step cycle. The stretch transient was very brief and completed before the reflex response began (refer to Fig. 9 ); hence it was' possible to measure it without contamination from the reflex response. The stiffness can be directly calculated by dividing the change in force (F in the force trace, Fig. 9 ) by the change in length (L in the length trace, Fig. 9 ). These are calculated for all fourteen phases and plotted as a function of time. in the step cycle (see graph, Fig. 9 ). The results show that stiffness was modulated throughout the step cycle. DISCUSSION We have demonstrated that stretch reflexes are modulated throughout the step cycle of the walking cat. This modulation parallels the locomotor activity of the muscle, although there is a small phase lead. This phenomenon cannot be attributed to variation in levels of afferent activity. Thus, the stretch reflex pathway in some manner interacts with, or is modulated by, the central pattern generator for locomotion. We have also demonstrated that the intrinsic stiffness of muscle varies throughout the step cycle, showing a phase lead with respect to force. There are two basic mechanisms which could account for the observed modulation of reflexes: (1) modulation due to cyclic excitability changes in a-motoneurones, and (2) modulation produced by the central pattern generator on sites other than the a-motoneurones. A definitive mechanism and locus cannot yet be described, but there is some indication that both mechanisms may be interacting to produce the results.
Recordings of membrane potentials from a-motoneurones during fictive locomotion reveal cyclic changes corresponding to locomotor activity (e.g. Schomburg, Behrends & Steffens, 1981) . These changes in membrane potential would, of course, alter the probability that a constant afferent signal would reach threshold. Thus, modulation of stretch reflexes would result even if the stretch-evoked input was of constant size.
There are other locations on which the central pattern generator might affect transmission through the stretch reflex pathway (e.g. the presynaptic terminals of I a afferents, or a presynaptic interneuronal network). There is some evidence for these possibilities. If the central pattern generator is producing a presynaptic modulation of afferent activity, one would expect a change in the absolute amplitude of Ia excitatory post-synaptic potentials (e.p.s.p.s) in the a-motoneurone. In fact, Schomburg & Behrends (1978) described exactly this phenomenon, a rhythmic modulation of e.p.s.p.s during fictive locomotion. The amplitude was greatest during the phase of the step in which the motoneurone was active. In addition, they observed polysynaptic Ia e.p.s.p.s from homonymous, low-threshold afferents which were only present during the phase that the a-motoneurone was active. The latter finding suggests that the central pattern generator may be facilitating interneuronal activity.
The central pattern generator might also modulate reflex responses through an influence on the y motor system. Spindle recordings have shown that the y system is activated during active contraction (Severin, 1970) . Reflexes would be enhanced because the sensitivity of the afferents to stretch is greater (Perret & Buser, 1972; Cabelguen, 1981) . This could contribute to the observed modulation of stretch reflexes. However, using electrical shocks to the nerve to provide constant levels of afferent stimulation, we found reflex modulation was still present. Some controversy remains about the level of y activity during the phase of passive stretching (Prochazka, Westerman & Ziccone, 1977; Loeb, 1981) , making it difficult to decide on the exact role which the y system might play in the observed reflex modulation.
These experiments have also documented a modulation of intrinsic muscle stiffness throughout the step cycle. It should be emphasized that this refers to the mechanical stiffness inherent to the muscle as a result of bond formation. Intrinsic muscle stiffness may be a very important load compensating mechanism during locomotion (Grillner, 1972) . It may be particuarly effective because it does not have the time delays associated with reflex activation. The phase relationship of stiffness modulation with respect to locomotion is such that maximum stiffness occurs during stance, when the limb must support a large part of the body's weight. Thus, intrinsic stiffness is clearly the body's first line of defence against perturbations during the step cycle.
Reflex stiffness is usually defined as the reflex force divided by the length of the applied stretch. Our results indicate that reflex force and stiffness are also modulated in much the same manner as intrinsic muscle force and stiffness during walking. This is interesting since it has been argued that 'reflex stiffness' might be used to compensate for changes in muscle stiffness, so that the over-all stiffness (muscle+ reflex) would be more constant than either alone (Houk, 1979 ). An inverse relation was observed in Fig. 7B during tonic activity, in which reflex force (and stiffness) were maximum when background force (and intrinsic muscle stiffness) were low, and vice versa. A similar relationship has been described previously (Hoffer & Andreassen, 1981) , and would tend to support the constant stiffness hypothesis. However, the parallel variation of muscle and reflex stiffness during walking extends the range of stiffness modulation, rather than maintaining stiffness constant.
To the extent that any phase differences occur, reflex stiffness and reflex e.m.g. precede the changes in force and e.m.g. taking place in the muscle during the step cycle. This could have an interesting adaptive significance. Reflexes reach their maximum soon after the onset of e.m.g., which is just the time when the foot normally strikes the ground. The extra reflex stiffness could therefore help to prevent the limb from flexing unduly under the weight of the body. Late in the extension phase (just before the foot is to leave the ground), the reflex has fallen to a low level, so that a perturbation will not interfere with the imminent flexion phase of the step cycle. Thus, although the stretch reflex may serve as a mechanism for compensating for non-linear properties of the muscle in a static postural situation (Nichols & Houk, 1976) , the stretch reflex clearly has a different role adapted to the execution of phasic movements such as locomotion.
